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Abstract
Screwworms (Cochliomyia hominivorax, Diptera: Calliphoridae) were eradicated from the United States with
E.F. Knipling's 'demonstrative' model that related the relative mating proportions of wild and sterile insects to
population fertility and predicted population trends in subsequent generations. Ad hoc correlations between
treatments applied and experimental results obtained on Sanibel Island, Florida, in 1952-1953, Curacao,
Netherlands East Indies in 1954, and the Florida mainland in 1957 provided a conceptual guide for the
eradication campaigns from 1958 until 1967. Many mathematical models have since been proposed that relate
pest insect population density at some future time to density, fertility, net reproduction rates, intrinsic
reproduction rates, density dependent survival and frequency dependent matings at the present time. Both
deterministic and stochastic formulations have been presented, but none has been adapted for use in
screwworm eradication programs. A regression model, based on empirical field data, predicts frequencies of
sterile matings in the target native populations given sterile fly release indices and estimates of native fly
densities. This model is used in central America to help interpret field trials of new screwworm strains for mass
production and release and to monitor the efficiency of sterile fly dispersal operations. Even now there is no
model that predicts screwworm abundance from estimates of host animal densities, screwworm age structure,
or screwworm fertilities and densities. Analysis of sterile fly release experiments, however, hints that density-
dependent sterile mating rates obtain in screwworm flies, similar to those demonstrated in tsetse by Rogers
and Randolph (1984).
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Screwworms (Cochliomyia hominivorax, Diptera: Calliphoridae) were eradicated from the 
United States with E.F. Knipling's 'demonstrative' model that related the relative mating 
proportions of wild and sterile insects to population fertility and predicted population trends in 
subsequent generations. Ad hoc correlations between treatments applied and experimental results 
obtained on Sanibel Island, Florida, in 1952-1953, Curacao, Netherlands East Indies in 1954, and 
the Florida mainland in 1957 provided a conceptual guide for the eradication campaigns from 
1958 until 1967. Many mathematical models have since been proposed that relate pest insect 
population density at some future time to density, fertility, net reproduction rates, intrinsic 
reproduction rates, density dependent survival and frequency dependent matings at the present 
time. Both deterministic and stochastic formulations have been presented, but none has been 
adapted for use in screwworm eradication programs. A regression model, based on empirical 
field data, predicts frequencies of sterile matings in the target native populations given sterile fly 
release indices and estimates of native fly densities. This model is used in central America to 
help interpret field trials of new screwworm strains for mass production and release and to 
monitor the efficiency of sterile fly dispersal operations. Even now there is no model that 
predicts screwworm abundance from estimates of host animal densities, screwworm age 
structure, or screwworm fertilities and densities. Analysis of sterile fly release experiments, 
however, hints that density-dependent sterile mating rates obtain in screwworm flies, similar to 
those demonstrated in tsetse by Rogers and Randolph (1984).  
A practical simulation model developed by Foster and colleagues at CSIRO in Canberra is used 
to evaluate the effects on natural populations of genetic methods of controlling sheep blowflies, 
Lucilia cuprina (Diptera: Calliphoridae). There also are simulation models for tephritid fruit fly 
pest species. In practice, however, action agencies seem usually to rely on experience and 
overkill to achieve goals; practical criteria, not hypothetical models, are generally used to 
evaluate the results. Treatments are confounded; cause and effect cannot be scientifically or 
unambiguously demonstrated. Thus field data about the target populations as they respond to 
treatments may not be collected, and much useful information is lost. 
Introduction 
In 1955 when Bushland, Knipling and Lindquist informally planned to attempt screwworm 
eradication in Florida (Knipling, 1955, 1959; Lindquist, 1955), the application of mathematical 
modelling to predicting the outcome of intervention was not a standard operating procedure.  
But Knipling (1955) used a model that predicted trends in a 'theoretical' population of virgin 
female insects during generation by generation releases of sterile males. The purpose of the 
model was to demonstrate the principle that underlay the eradication of screwworm flies, 
Cochliomyia hominivorax, from Curacao, an island of 440 km² in the Netherlands Antilles 
(Baumhover et al., 1955), by the sterile insect technique (SIT). Taken with Baumhover and 
colleagues' accomplishment of eradication, Knipling's model convinced skeptical officials to 
support the establishment of an eradication program in Florida with results that have often been 
described (Baumhover, 1966; Knipling, 1959; Bushland, 1971). The mechanism of population 
suppression by SIT is that wild females mated to released, sterile males become inseminated 
with sperm bearing dominant lethal mutations and their eggs do not hatch. Sterile flies of both 
sexes are released in screwworm eradication programs; the irradiated females do not undergo 
vitellogenesis and it is assumed that they have a negligible role.  
In this paper I shall relate how Knipling's model was used during the screwworm eradication 
campaigns in southwestern USA and Mexico. I shall also refer briefly to some other models that, 
in my opinion, have some bearing on operations in eradication programs. 
Knipling's model 
Knipling's (1955) original formulation was drafted to examine theoretical expectations and 
feasibility of insect control by the release of sterile males.  
Given a 'stable' population closed to immigration, of uniform age structure, discrete generations, 
a constant per capita reproductive rate, and the release of sterile males in such a way as to 
achieve insemination of virgin, wild females in proportion to their frequencies relative to wild, 
fertile males, Knipling showed that population suppression accelerated if sterile insect releases 
were kept constant. A later formulation allowed reproductive success to vary with population 
size; a fivefold rate of increase per generation was assumed until a population reached an 
arbitrary, stable level, at which growth ceased. Knipling's formulation (Table 1) takes the form of 
a spreadsheet and can be used as such with any microcomputer and commercially available 
spreadsheet program. It is intuitively obvious and simple to use and therefore appealing and 
useful to personnel in action agencies.  
This conceptual model provided the principles upon which the USDA and the Mexico-US 
Commission planned their eradication operations and interpreted the results. Efforts were made 
to reduce native populations by chemical and cultural methods. Sterile fly production was 
maintained at the greatest possible levels. Once a 'barrier zone' on the US-Mexico border had 
been established, expensive sterile fly packaging and distribution costs were reduced by packing 
ever greater numbers of flies, cheap to produce, in large containers and distributing them from C-
45 and C-47 aircraft flying lanes set 8 or 16 km apart. For example, sterile flies were applied at 
low average densities and distributed in swaths 16 km apart to areas where screwworms were 
undetected north of the 'barrier'. Because the threat of screwworm infestation had greatly 
declined, vigilance was reduced and decreased the probabilities of detection. In short, every 
effort was made to intensify application of sterile flies to areas of greatest infestation at the 
expense of areas where detections were scarce and scattered; 'overflooding' was thought to be the 
key variable, and reliance was placed on mere numbers of sterile flies released. When such 
overkill tactics failed, as they seemed to do in the continuous epidemic of 1972-1976, the failure 
was attributed by senior program personnel to factors beyond their control. The epidemic was 
attributed to weather unusually favourable to screwworm survival, ranching practices that 
allowed many screwworm cases to go undetected and untreated, and possible genetic changes in 
the native populations that conferred a degree of assortative mating (Bushland, 1974, 1975). 
Commentators in the academic community suggested that there was production of factory-
adapted flies that did not fly or 'compete' in cooler temperatures in the field (Bush and Neck, 
1976).  
Table 1. Knipling's model showing expected insect population sizes after releases of sterile 
male insects. A net per capita reproduction rate of 5x per generation is assumed.  
Natural population 
Nt 








1,000,000 9,000,000 9:1 100,000 500,000 
500,000 9,000,000 18:1 26,316 131,580 
131,580 9,000,000 68:1 1,907 9,535 
9,535 9,000,000 942:1 10 50 
50 9,000,000 180,000:1  0  0 
The early success of SIT generated much practical and theoretical research, including numerous 
mathematical models. I shall mention only a few here, but first must say that, to my knowledge, 
none were used in evaluating screwworm eradication operations.  
Many population phenomena were ignored in Knipling's model. Naturally, scientists were 
interested in investigating the effects of immigration, density-dependent population growth, 
predation, multiple matings, etc. on SIT, but actual experiments to do so are difficult to arrange. 
Mathematical models, however, allow simulation and many algebraic models have been used to 
explore these questions.  
A deterministic model and a probabilistic model that generalized the properties of Knipling's 
model were put forth by Costello and Taylor (1975). These workers developed their models to 
capture Knipling's observation that frequencies of sterile matings increase inexorably as target 
populations decline, providing that sterile male releases are continued. Costello and Taylor also 
used the Curacao field data (Baumhover et al., 1955) to develop and test their models. Model 
variables include an environmental carrying capacity (the 'K' in logistic population growth), net 
reproduction rate, initial population size, and sterile male numbers. Time is treated as a 
continuous variable for populations that breed continuously and have overlapping generations. 
The model predicts the probable mean time (in insect lifespans) to extinction. The interesting 
properties include a sharp threshold in the numbers of sterile males released, below which 
extinction will not occur and above which additional steriles have little effect. This 'threshold' 
between success and failure seems to have occurred in practice in Curacao and the southwestern 
USA. Also interesting is that reduction of a hypothetical pest population before steriles are 
released had no effect on time to extinction in the simulations. The stochastic formula itself is 
opaque, and some of its variables seem not to have been defined explicitly. Moreover, the 
authors wrote that the algorithm for computer simulation was difficult, so one cannot easily use 
Costello and Taylor's models. Prout (1978) examined the joint effects of SIT and immigration of 
fertile females on density-regulated populations with discrete generations. Effects of sterile male 
and female releases on density-dependent growth in continuous populations have also been 
simulated (Barclay and Mackauer, 1980).  
Barclay (1982) simulated the effects of competitiveness of sterile males on sizes of fertile female 
populations. Density and frequency-dependent competitiveness were treated also. Horng and 
Plant (1992) studied the role of lek mating on control of wild populations by SIT, with particular 
reference to fruit flies. It is noteworthy that few of these studies made reference to field data nor 
were the models tested against data. What uses, if any, do field workers make of models?  
An important model by Ito (1977) was predicated on logistic population growth, multiple 
matings, and a Poisson distribution of sterile and fertile matings. The model was developed from 
population data on the melon fly, Dacus cucurbitae (Diptera: Tephritidae), and was used in a 
very practical way to estimate the numbers of sterile flies to be released to achieve melon fly 
eradication on Kume Island (near Okinawa). Many more sterile males were required to achieve 
sterile matings than were suggested by the model. Estimates of fertility among wild females and 
other ecological estimates showed that sterile matings were less than expected because of 
mortality among the pupae and teneral adults and because sterile males did not distribute 
themselves spatially in such a way as to encounter wild females. Thus, Ito's model suggested that 
sterile fly wastage was great and provided important hints about where the problems occurred. 
Continuous exchange of views between modellers and field biologists before and during a 
project can make for much more rapid progress than working in sequence.  
The sheep blowfly project at CSIRO has routinely used models to evaluate relative costs and 
feasibility for successful control or eradication by various genetical methods (e.g. GENCON, 
Foster et al., 1988). The methods include SIT, the release of strains carrying various pericentric 
inversions, compound chromosomes, and reciprocal translocations singly or in combination. 
GENCON has also been used to help interpret the results of field tests of genetical control 
methods (Foster and Smith, 1991).  
In an active eradication program, producing sterile flies, packaging them, distributing them over 
vast geographical areas, following up case reports of screwworm myiasis, site inspections, and so 
forth, consumes most energies of an institution. Few resources were allocated to long-term 
research efforts. There are many possibilities to be considered when eradication progress 
suddenly stops; enormous pressures ensure that most effort will be devoted to 'quick fixes'. 
Systematic and thorough investigation often will be the method of last resort. I have already 
mentioned explanations for the screwworm epidemic of 1972-1976. My participation in the 
eradication program led me to examine critically the hypotheses favoured by the leadership and 
other, less appealing, explanations as well. I begin with the somewhat diffuse genetical argument 
that was put forth and show a working model I developed for the USDA to examine the question. 
This simple, empirical model says nothing about eradication or failure, but can be (and has been) 
used to evaluate candidate strains of screwworms for mass release and other questions that arise 
in day-to-day eradication campaign activities.  
Natural selection would greatly favour premating isolating mechanisms between released, sterile 
screwworms and native flies. Premating isolation has therefore been predicted by commentators 
and is, even now, continuously searched for by screwworm program entomologists. Screwworm 
outbreaks in the southwestern USA and northern Mexico indeed have been attributed to 
assortative mating (Bush and Neck, 1976), speciation (Richardson et al., 1982), and climate 
(Readshaw, 1985). How can these be demonstrated? There is a substantial body of evidence that 
has an important bearing on the issue of premating and sexual isolation among screwworms.  
This body of evidence is the estimates of sterile mating rates among native females, and data 
have been collected since 1952 with Baumhover's experiments on Sanibel Island, Florida, to 
more recent observations in Guatemala in 1986. Reproductive isolation between released and 
native screwworms should be reflected in sterile mating frequencies whatever the cause of 
isolation. The procedures used in these field evaluations of SIT include releasing sterile flies 
over large areas for many weeks. Sterile mating frequencies were estimated by the daily 
collection of screwworm ovipositions from penned, sentinel sheep. Hatched egg masses signify a 
mating between wild flies, unhatched egg masses signify matings between released males and 
native females. Released females do not become gravid and therefore do not oviposit.  
Table 2 shows the mean observed sterile mating rates in the field unadjusted for different sterile 
fly release rates, target population densities or other variables. It would seem that large 
differences existed among strains. These data might support the idea of 'strain deterioration' 
(Bushland, 1974, 1975; Knipling, 1979). Are these differences related to their heritable 
competitiveness? An objective method of comparison would be helpful and an attempt was made 
to develop one (Krafsur, 1985).  
Five continuous variables were recognized in attempting to compare objectively numerous field 
experiments involving sterile male releases. Of principal interest was the dependent variable, 
sterile mating frequency, Y. Independent, presumptively explanatory variables included the dose 
rate X1, the mean number of males released per unit area per week; missile rate X2, which is the 
mean number of fly cartons per unit area per week; swath width X3 is the mean distance between 
adjacent flight lanes; and an estimate of native population density X4. The effects of categorical, 
discrete variables also were investigated. These included regions in which sterile fly releases 
were performed and the strains of flies released. Five regions were recognized: (1) Curacao, (2) 
Florida, (3) the Edwards Plateau of Texas, (4) semiarid regions of Texas, Tamaulipas, Sinaloa 
and Yucatan, Mexico, and (5) the tropical humid regions of Mexico (Veracruz, Chiapas) and 
Guatemala. Data were available representing the effects of releasing 12 strains of screwworms.  
Expectations in sterile mating rates are based on historical experience. The empirical model takes 
the form:  
% sterile matings = constant + effect of region + dose effect + missile effect + swath width effect 
+ native population density effect + error. 
Regression and analysis of variance methods were used to evaluate the data and fit the model.  
ARCSINE = 48.1 + REGION - 0.02(X1) + 8.8(X2) - 1.1(X3) - 19.2 LOG(X4), R2 = 0.82.  
When region is ignored, R2 = 0.71. The 95% confidence limits for Y are ± 13.5.  
Table 2. Average percent sterile matings observed and corrected for the effects of sterile fly 
dose rate, missile rate, and target population densities.  
Percent sterile matings 
Strain released 
Uncorrected Corrected*
A-81 41.6% 40.2% 
APHIS 10.3 41.3 
ARICRUZ 55.1 29.1 
CH-85 26.2 24.8 
DE-9 71.4 43.7 
FF8 20.1 23.8 
FLORIDA 43.6 46.7 
KERRVILLE 46.7 30.9 
009 36.7 21.6 
TEXMEX 16.9 36.5 
V-81 32.0 28.5 
VF-84 44.7 47.6 
* least square means. F = 1.41, df = 11, P = 0.23. 
This provisional model incorporates all variables except strain. The effects of region (P = 0.004) 
and the continuous variables (P  0.0045) were statistically highly significant. All the variables 
were separately or together significantly associated with sterile mating rates. It seems that sterile 
mating frequencies increased as the dose rate, distance between flight lanes and target population 
density decreased. A high missile rate was associated with high sterile mating rates, while a high 
dose rate was not!  
The observed sterile mating rates in different experiments can be adjusted for the effects of the 
continuous variables and then compared. When this was done, no strong differences were 
obtained among strains of flies released. It seems that strain effects were small with respect to 
the continuous variables. (Table 2). For many years there was controversy over strain 
deterioration, mating types, and geographical races, and much expense was incurred in collecting 
wild material, constructing new strains, and developing them for mass propagation.  
The adjusted regional means were significantly different (Table 3). Ecological studies in Mexico 
suggest that dispersal of released flies is considerably less in well-forested areas than in open 
savanna woodlands (Krafsur and Garcia, 1978; Krafsur et al., 1979, 1980). Experience shows 
that sterile fly releases in tropical humid environments elicit lesser sterile mating rates, and this 
may become increasingly important as the program continues further into Central America.  
The regression equation can be used to provide an assessment of program effectiveness 
independently of reported screwworm case incidence in domestic animals. The model provides 
an objective method to evaluate sterile mating frequencies by comparing them with their 
expectations. And it can be used to optimize sterile fly releases with respect to cost and predicted 
effectiveness. Like all multiple regression models based on historical observations and 
unplanned comparisons, predictions from applying the model should be viewed with much 
caution. The large error in Y testifies how limited this model is. The regression model does not 
predict trends in target population density. But it is interesting that when sterile mating rates 
estimated in the field exceed c. 70%, densities of the target screwworm flies become too low to 
measure (e.g. Baumhover et al., 1955; Krafsur and Garcia, 1978). Rogers and Randolph (1984) 
observed a likely threshold sterile mating rate in tsetse flies of c. 60-70% when fitting a density-
dependent model. Of course, screwworm reproductive biology is very much different than that of 
tsetse. Rogers and Randolph show how to estimate changes in population density (Nt+1/Nt) given 
the net rate population increase () and an exponent b that describes the strength of density-
dependent regulation (Maynard-Smith and Slatkin, 1973). Values of Nt+1/Nt for different fertility 
rates show that change is very sensitive to b, and only weakly sensitive to . It is high time that 
some effort was devoted to understanding how density-dependent mechanisms may work in 
screwworms.  
Table 3. Mean sterile mating rates in geographical regions as observed and as corrected for 
effects of continuous variables related to sterile fly releases.  
Region Observed Corrected*
Curacao 43.2% 19.8% 
Florida 44.7 43.6 
Edwards Plateau 48.4 37.5 
Semiarid+ 35.8 41.9 
Tropical Humid++ 27.3 24.5 
* Least square means. F = 4.77, df = 4, P = 0.004. 
+ << 1100 mm rainfall annually (south Texas, Tamaulipas, Sinaloa, Yucatan). 
++ >> 1750 mm rain annually (Veracruz, Chiapas, Guatemala). 
The field data afford rough estimates of sterile male competitiveness in the various experiments. 
Coefficient c expresses competitiveness of released R to wild W males cR: W. Let the probability 
of sterile mating P = cR/(cR+W). This rearranges to c = PW/(1-P)R. P was estimated by the 
fraction of ovipositions that did not hatch, R was taken as the sterile male release rate (males km-
2), and W was estimated by oviposition densities. Note that R actually is sterilized puparia stuffed 
in boxes and will therefore overestimate the actual number of flies surviving release. W is much 
smaller than the numbers of wild males because many females do not live long enough to 
oviposit, those first doing so on day 7 of adulthood and at three-day intervals thereafter (Krafsur 
et al., 1979; Thomas and Chen, 1990). Estimates of sterile male competitiveness were made for 
the 42 data sets. I adopted log10 (100 x c) as the estimator of competitiveness. Note that least 
squares regression of any function of c on sterile male density (R) is invalid, because c itself 
incorporates R. Pearson correlation coefficients were instead calculated and the results are set 
forth in Table 4.  
The negative relation between sterile mating rates and dose rates observed in the multiple 
regression model now becomes even more emphasized (Figure 1). Competitiveness of the 
released males seemed to vary inversely with their abundance, as suggested in tsetse by Rogers 
and Randolph (1984). The positive relationship of c with missile rates and negative relationship 
of c with swath width shows that competitiveness is positively related to the chances of placing 
sterile flies near breeding sites. This confirms an explicit assumption of Knipling (1955) with 
regard to SIT feasibility that 'adequate dispersion of the released sterile males must be obtained'. 
Both experimental (Krafsur and Garcia, 1978; Krafsur et al., 1980) and observational evidence 
(Krafsur, 1978) and the present data suggest that the effectiveness of SIT is enhanced by 
maximizing the chances of putting sterile males into actual or potential breeding sites. Sterile 
male field trails (1952 to 1976, Curacao, Florida, Mexico and Texas) gave no evidence that 
sterile males disperse very far from their original release sites. Sterile females, on the other hand, 
move considerable distances, and it has been implicitly assumed that males do also. The overkill 
release strategy once used by program officials was probably counterproductive and helps to 
explain the 1972-1976 screwworm outbreaks. Different release methods were adopted in 1977 in 
Texas and 1979 in New Mexico and Arizona; progress in eradication since has been interrupted 
only by organizational and political matters.  
Table 4. Pearson correlation coefficients between sterile male competitiveness (log[100 x c]) 
and other variables.  
Variable Sterile close rate Missile Rate Swath width Log population Density 
Correlation -.79 0.34 -0.58 -0.29 
Significance 0.0001 0.027 0.0001 0.065 
Figure 1. Scatterplot of competitiveness on sterile male density from field observations in 
Sanibel Island, Florida, in 1952 to Guatemala in 1986. 
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